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ABSTRACT. Based on the nonlinear theory, the amplitude and 
phase balance of  a cyclotron and generator with a helical 
electron beam in a hollow or open resonator is analyzed. 
The efficiency of the generator at the first and second 
harmonics of the cyclotron frequency is investigated as a 
function of the ratio of working current to starting 
current and the detuning of the cyclotron frequency of the 
magnetic field from the natural frequency of the resonator. 
The results o f  calculations allow an estimation of the 
optimal generator parameters for  provision of the maximum 
efficiency and the demands placed on its elements from the 
point of view of stability of the frequency. 

In preliminary investigations of the power characteristics of generators 
with helical electron trajectories, the authors have analyzed problems of the 
effectiveness of the interaction of a broad beam with a transversely hetero- 
geneous resonator field at the first, second and third harmonics of the cyclo- 
tron frequency, based on the balance of active power alone2. 
active and reactive components of power are interrelated; the operating fre- 
quency, unknown in advance, must be determined along with the efficiency. 

Actually, the 

In this work, based on the balance of the combined power, we solve the 
problem of the interaction between a thin, spiralized electron beam and a 
resonator field on the assumption of a single form of oscillations; optimal 
values of parameters and of their variations are sought, for which the 
efficiency is not reduced to less than one half its maximal value. The 
instability of the generator frequency and the steepness of the electron 
retuning of the generator are estimated. 

The equations of movement for electrons drifting in the direction of the 
z axis in the righthanded beam in the field of the standing wave 

Numbers in the margin indicate pagination in the foreign text. 
Results reported at the X X I  I I All-Union Scientific Session o f  Scientific- 

Technical Society for Radioengineering and Electrical Communications imeni 
A. S. Popov dedicated to Radio Day, Moscow, May 1966. 
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\ E = l x E o  sin ky sin of 

under t h e  condi t ion  of approximate equal i ty  o f  t h e  s i g n a l  frequency 0 t o  t h e  
i n i t i a l  r e l a t i v i s t i c  cyc lo t ron  frequency fi B (1 - $ b o )  o r  a mul t ip l e  of 0 0  

= 1,2,  ...) can be wr i t t en  i n  t h e  form t h i s  l a t t e r  (w nn; n 

I doi 
dT 

d@ - = - ~ n A p ~ - 2 s i n 0 i + ~ $ - ~ ( p ~ -  1) 9 dT 

- = Apy-'.cos 0, 

I 2n 
(0) = 1, Oi(0)  = 16 i, i == 1, 2, ..., 16 

Equation (2) corresponds t o  t h e  case  when t h e  a x i s  o f  t h e  beam is  located a t  
t h e  node o f  t h e  f i e l d  with n mul t ip l e  o r  a t  t h e  ant inode when n i s  odd. 
t h i s  condi t ion  is  not observed o r  if t h e  t r ansve r se  d i s t r i b u t i o n  func t ion  of  
t h e  f i e l d  d i f f e r s  from s inuso ida l ,  s o  tha t  

If 

where r is  t h e  constant  of dimensionality o f  t he  reverse  length ,  i n  t h e  
expression f o r  A we should introduce t h e  co r rec t ing  f a c t o r  

FYI I F / k I n  - ', where Y i s  t h e  coordinate  o f  t h e  ax i s ;  - 1) 

are t h e  parameters and independent var iab le  o f  equat ion system (2) ;  L is  t h e  
length of  t h e  system; P i s  t h e  r a t i o  o f  the angular  v e l o c i t y  t o  i t s  i n i t i a l  
va lue  Cp,; 8 is  t h e  e f f ec t ive  phase o f  the f i e l d  fo rce ;  i i s  an index enumer- 

a t i n g  t h e  d i s c r e t e  charge bunches which modulate t h e  beam (16- bunches p e r  
per iod  were used i n  t h e  ca l cu la t ions ) ;  

l ong i tud ina l  ve loc i ty .  

cSz i s  t h e  i n i t i a l  value of  t h e  

Let u s  now t u r n  t o  an ana lys i s  o f  the equat ions f o r  determinat ion o f  t h e  
a c t i v e  and r e a c t i v e  components of t he  power of  t h e  i n t e r a c t i o n .  I t  i s  

2 



convenient i n  t h i s  ca l cu la t ion  t o  normalize t h e  power t o  the  constant  I U 
thus  introducing t h e  complex " t ransversef t  e f f i c i ency  r) 

0 1' 
s 

(4) 
,-,, = Re (q); qr= 1111 (ql. 

For an individual  e l ec t ron  

from which, using (Z) ,  we produce 

The slowly changing mutual phasing of t h e  r o t a r y  v e l o c i t y  o f  t he  e l ec t ron  
and t h e  f o r c e  which it rece ives  from the f i e l d  can be  c l e a r l y  represented using 
an instantaneous vec tor  diagram i n  a complex plane,  where e i  i s  t h e  "lead" 

angle  o f  t h e  first vec tor  over t h e  second vec tor  ( the  v e l o c i t y  vec tor  i s  placed 
along t h e  real axis).  
t h e  product of t h e  amplitude of the  ve loc i ty  vec tor  times the  complex-conjugate 
amplitude of  t h e  fo rce  vec tor .  
r e a c t i v e  component TI : 

- 1998 

The complex power o f  t h e  i n t e r a c t i o n  i s  propor t iona l  t o  

From t h i s ,  we ge t  an expression f o r  t h e  

As we know from the  theory of resonant systems 

where Q 

Relat ionship (8) allows us  t o  determine the r rhot f r  frequency of t h e  generator  a. 

is  t h e  loaded Q of t h e  resonator ;  wo i s  i t s  n a t u r a l  frequency. Zd 

A s t r i c t e r  conclusion of  equation (7) is  based on ana lys i s  of  t h e  i n t e g r a l  
through t h e  volume of t h e  a r e a  of i n t e rac t ion  from t h e  s c a l a r  product of t he  
cu r ren t  dens i ty  t imes t h e  i n t e n s i t y  o f  the e l e c t r i c a l  f i e l d  and subsequent 
t r a n s i t i o n  t o  in t eg ra t ion  and averaging along the  curved t r a j e c t o r y  of  t h e  beam 
analogously t o  t h e  method presented i n  [l,  21. 
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Let us now t u r n  our a t - en t ion  t o  the f a c t  t h a t  t h e  value o A2 [ see  ( 3 ) ]  
i s  propor t iona l  t o  t h e  energy s to red  i n  the  resonator  through which, i n  tu rn ,  l 

t h e  power output by the  beam v ~ I ~ U ~  is expressed l i n e a r l y  (with c o e f f i c i e n t  

u/QZd).  Due t o  t h i s ,  t h e  following r e l a t ionsh ip  i s  c o r r e c t :  

- where q1 = fla(L), Ist i s  t h e  minimum s t a r t i n g  cur ren t  of t h e  device with t h e  

condi t ion o f  opt imizat ion ( regula t ion)  of t h e  value of  t h e  path angle  Q, with 
values  of a l l  o ther  parameters corresponding t o  t h e  operat ing mode. 
denominator of t h e  r i g h t  po r t ion  o f  (9) can be  ca lcu la ted  by so lv ing  the  system 
of  equat ions (2) ,  ( 6 ) ,  (7) f o r  s u f f i c i e n t l y  small A, or  d i r e c t l y  from t h e  
l i n e a r  theory.  

The 

Using equation (9), as well  as r e l a t ionsh ip  ( 8 ) ,  we can exclude from 
ana lys i s  t h e  dimensionless amplitude A. 
o s c i l l a t o r  ( r ) ,y )  can be expressed through t h e  parameters a, I/Ist and t h e  

d e r i v a t i v e  UIN (vol t - turns)  , proport ional  t o  parameter P. 

be expressed as fol lows:  

A s  a r e s u l t ,  t h e  c h a r a c t e r i s t i c s  of  

Parameter @ can be  

kn Ny cD=oo+ - 
QZd' 

where 

is  t h e  "cold" desynchronization parameter, which i s  dependent on t h e  tuning of 
t he  resonator ,  t h e  value of t he  magnetic f i e l d  and t h e  longi tudina l  ve loc i ty  of 
t he  e l ec t rons ,  N = L/nN?,, i s  t h e  number o f  t u r n s  i n  t h e  e l ec t ron  " s p i r a l . "  In  

ignored, and Q, can be replaced by 
most cases ,  f o r  high Q resonators ,  t he  supplementary term i n  (10) can be - 1999 

The r e s u l t s  of  ca l cu la t ions  a r e  shown i n  Figures 1-4. 

Figures  l a  and 2a show the  e f f ic iency  of generators  a t  t he  f irst  and 

second harmonics as funct ions of  t h e  desynchronization parameter Q, f o r  
UIN = 0.55-106(n = 1) and UIN = 0.4*106(n = 2) which, i n  addi t ion  t o  the  

optimal values  of I/ISt, near  4,  provides the  maximum e f f i c i ency .  The numbers 
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on t h e  curves show t h e  values  o f  I / Ip+ .  

3 4 5 6 7  
U, N = 0.55. 106 

a )  ’ 

8 

6 
4 

3 

2 3 4 s  %* 
e) 

Figure 1 .  Main Charac te r i s t ics  of Cyclotron Generator 
a t  F i r s t  Harmonic: a ,  Transverse e f f i c i e n c y  a s  a func- 
t ion  of path angle  Q, f o r  optimal vo l t - tu rns  UIN w i t h  

var ious l / l s t  r a t i o s  ( r a t i o s  of w o r k i n g  cu r ren t  t o  
s t a r t i n g  c u r r e n t ) ;  b, Efficiency w i t h  optimal Q, as  a 
funct ion of I / l s t ;  c ,  O p t i m a l  va.lues o f  @; d ,  Interval 

2A@, w i t h i n  which e f f ic iency  is reduced to one h a l f ;  
e ,  Mean value of @ fo r  range 2A@. UIN equal t o :  

1 ,  0.44*106; 2,  0 . 5 5 0 1 0 ~ ;  3 ,  1.6*106 

Figures l b  and 2b show the  dependence of  t h e  e f f i c i ency ,  optimized with 
respec t  t o  @, on I/ISt f o r  t h r e e  values  of  parameter UIN, shown i n  the  capt ions.  

We can see  from t h e  f i g u r e  t h a t  a r a t i o  of  I/ISt near  4 i s  optimal over a 

broad range of  values  o f  parameter UIN. 

The maximum ef f ic iency  values ,  corresponding t o  t h e  optimal operat ing 
regimes, a r e  42% f o r  t he  f irst  harmonic and 32% f o r  t h e  second harmonic, which 

I n s t i t u t e  f o r  Radiophysics]. 
? corresponds r a t h e r  c lose ly  t o  the  ca lcu la t ions  of NIRFI  [ S c i e n t i f i c  Research 

The dependence of t he  optimal values of @ on I /Ist  i s  shown on Figures IC 

and 2c. 
Figures l b  and 2b. 

I t  i s  these  values  of  @which  were considered i n  cons t ruc t ing  

Figures  Id  and 2d show t h e  dependences of  t h e  width of  t h e  i n t e r v a l  2Aip of 
t h e  desynchronization parameter @, at the  edges of which t h e  e f f i c i ency  v1 i s  

reduced t o  one ha l f  of i t s  maximal value ( for  f ixed  UIN) ,  on I/ISt. These 
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dependences allow us  t o  es t imate  t h e  permissible  v a r i a t i o n s  of  t h e  magnetic 
f i e l d  and e l ec t ron  energies .  For example, f o r  an instrument optimized with 
respec t  t o  a combination of  parameters ( a l l  of  t h e  numerical es t imates  
encountered i n  the  remainder of t h i s  paper w i l l  correspond t o  t h i s  example) 
Pip = 1.9 where n = 1 and A@ = 1.6  where n = 2.  
t h a t  

I t  follows from (3) and (10) 

(g)max = A @  - h B  
whet-& = const, U I I  = const 1 

The s i g n  of  equa l i ty  i n  t h i s  l a t t e r  r e l a t ionsh ip  appears under t h e  condi t ion of  

f ixed  d r i f t  ve loc i ty  of t he  e lec t rons .  Suppose 0 = 0.2 ,  - - - 5; then It U,, x AB I' x = 0 . k  where n = 1 and (-) = 0.05-, A AU 
(i+max B max L 

x e) , , ,  % 0.y where n = 2.  Apparently, these  same da ta  can be used 

t o  es t imate  permissible  heterogenei ty  of  t he  magnetic f i e l d  and d ispers ion  of  
e l ec t ron  energ ies .  

The average values  of ip f o r  t h e  i n t e r v a l s  2A@ indica ted  above (genera l ly  
speaking not  corresponding with ) a r e  presented on Figures Id and 2d. 

op t  
Figures  3a and 4a show t h e  frequency a s  a funct ion of  desynchronization 

parameter a, ca lcu la ted  f o r  optimal vo l t - tu rns  where n = 1, n = 2 f o r  var ious  
VIst .  
t h e  genera tor  by a magnetic f i e l d  o r  acce lera t ing  vol tage.  
of  values  o f  pa th  angle  ip ,  t he  frequency changes approximately l i n e a r l y .  
dependence of ip on magnetic f i e l d  B is  a l so  l i n e a r ,  and under t h e  condi t ion 

These dependences can be used t o  c a l c u l a t e  t h e  s teepness  of re tuning  of 

Over a broad range 
The 

/ 1000 

t h e  dependence of ip on U can a l so  be considered l i n e a r  [see ( 3 ) ] .  Therefore,  

r e l a t i o n s h i p s  
i n  order  t o  es t imate  t h e  steepness of the  e l ec t ron  retuning,  we can use  t h e  / loo1 
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where g = - ( g  I i s  t h e  angular coe f f i c i en t  of t h e  dependences Q 

shown on t h e  graphs of Figures 3a and 4a, on a. 
n = 1 and n = 2 .  

( h / u ) / ( A B / B )  = 0.07(L/A ("slow" adjustment by the  magnetic f i e l d ) ,  
( h / w ) / ( A U / U )  = -0.007 (L/X ("rapid" adjustment by t h e  i n t e n s i t y ) .  These same 
f igu res  cha rac t e r i ze  t h e  r e l a t i v e  s t a b i l i t y  o f  t he  frequency being generated 
with v a r i a t i o n s  of  cur ren t  and vol tage  i n  t h e  power supp l i e s .  
provide frequency s t a b i l i t y  h / w  = 
solenoid cu r ren t  with an accuracy of 0.14 A/L%,  t h e  vol tage  on t h e  e lec t rodes  
of  t h e  gun must be maintained with an accuracy of 1 .4  h/L%. Using Figures 3a 
and 4a, w e  can es t imate  a l s o  t h e  e f f e c t  of e l ec t ron  s h i f t  of t h e  frequency 
(frequency as a func t ion  of cu r ren t ) .  
4-5 I t h e  relative frequency s h i f t  Qs(Au/w) is  about 0 . 3  f o r  n = 1 and s t y  
0.5 f o r  n = 2 (with Qr = 4 ) .  I n  addi t ion  t o  t h e  f a c t o r s  mentioned, t h e r e  i s  
a l s o  frequency i n s t a b i l i t y  r e l a t e d  t o  thermal expansion of t he  resonator .  
Apparently, the  most e a s i l y  achieved method of s t a b i l i z i n g  t h e  frequency i s  
a f c  by vo l t age  v a r i a t i o n  using frequency o r  phase d iscr imina tors .  
u l a r ,  i n  o rde r  t o  compensate f o r  i n s t a b i l i t y  of t h e  magnetic f i e l d ,  t he  vol tage  
must be ad jus ted  according t o  the  r u l e  AU/U = ( 2 / b 6 )  (AB/B).  

(w - o )/a Zd 0 0  
For example, lgl = 1.1 where 

Assuming Qzd = 500, bl l  = 0.2,  U/Ull = 5,  we have 

In  order  t o  
it i s  necessary t o  maintain t h e  

When t h e  cu r ren t  i s  increased t o  

In  p a r t i c -  

Figures 3b and 4b show t h e  dependence o f  t he  width of  the  range of  
Here, a reduction of e f f i c i ency  vL by a f a c t o r  frequency adjustment on 1/1 

of 2 a t  t h e  boundaries of t he  i n t e r v a l  i s  assumed. Figures 3c and 4c show the  
displacement of t h e  middle frequency o f  the adjustment range a s  a func t ion  of  
I /Ist .  
UIN as the  graphs of Figures 1 and 2 .  The r e l a t i v e  range of adjustment of t h e  

generator  by frequency t o  produce a decrease i n  e f f i c i ency  of a f a c t o r  of 2 i s  
expanded with increas ing  I/Ist and with decreasing ULN.  

&/a = 1. S/Q 

s t '  

The graphs of  Figures 3 and 4 were ca l cu la t ed  f o r  t h e  same values  of 

For example, 

where n = 1 and n = 2 ,  corresponding t o  0.3% i f  QId = 500. Zd 

/ 1002 
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Figure 2. Principal Charac te r i s t ics  of Cyclotron 
Generator a t  Sceond Harmonic: a ,  Dependence of 
t ransverse  e f f i c i e n c y  on p a t h  angle @ f o r  optimal 
vo l t - turns  UIN w i t h  various 1 / 1  

of working current  t o  s t a r t i n g  c u r r e n t ) ;  b, Eff i -  
ciency w i t h  optimal @ as  a funct ion of 1 / 1  ; 

c ,  Optimal values of a; d ,  Interval  2A@, w i t h i n  
which e f f i c i ency  is reduced to  one h a l f ;  e ,  Average 
value o f  @ f o r  indicated range 2A@. 

r a t i o s  ( r a t i o s  s t  

s t  

UIN equal t o :  

1 ,  0 . 3 3 0 1 0 ~ ;  2 ,  0 .4*106;  3 ,  0.51*106 

In  conclusion, we must note t h e  following. 

1. The l a rge  volume of  t he  open resonator  and t h e  p o s s i b i l i t y  of passing 
high beam cur ren t s  through the  system ind ica t e  t h a t  t h e r e  i s  hope f o r  success- 
f u l  u t i l i z a t i o n  of  cyclotron devices  i n  various frequency ranges. 
e f f i c i ency  of  cyclotron generators can be comparatively high. 

The 

2 .  The frequency c h a r a c t e r i s t i c s  of  t hese  devices  a r e  t y p i c a l  f o r  devices 
v using high Q resonator  systems. The range of  frequency adjustment i s  approx- 

imately 1.5 t imes a s  wide as  t h e  passband of the  resonator .  
achieve t h i s  adjustment, t h e  acce le ra t ing  vol tage  must be var ied  by 4-8%. 

In  order  t o  
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F i g u r e  3. Frequency C h a r a c t e r i s t i c s  of 
C y c l o t r o n  Generator a t  F i  r s t  Harmonic: 
a, R e l a t i v e  h o t  frequency as a f u n c t i o n  
o f  p a t h  ang le  @ f o r  opt imal  v o l t - t u r n s  
UIN. w i t h  v a r i o u s  values o f  r a t i o  I/ISt 

( r a t i o  of work ing  c u r r e n t  to  s t a r t  cur -  
r e n t )  f o r  t h r e e  values o f  v o l t - t u r n s ;  

quency as a f u n c t i o n  o f  l/lst; c, R e l a t i v e  

v a l u e  o f  m i d d l e  frequency o f  range. 
UIN equal to: 1 ,  0.44*10s; 2, 0.55*106; 

3, 1 . 6 0 1 0 ~  

- b, R e l a t i v e  range of adjustment o f  f r e -  

9 



1. Rapoport, G. 

3 4 5 9  

"1 

I , "Exc 

F i g u r e  4. Frequency C h a r a c t e r i s t i c s  o f  
C y c l o t r o n  Generator a t  Second Harmonic 
Frequency: a, Dependence o f  r e l a t i v e  
h o t  f requency on path a n g l e  CP f o r  
op t ima l  v o l t - t u r n s  U I N  w i t h  v a r i o u s  

va lues o f  r a t i o  l/ lst ( r a t i o  o f  work ing  

c u r r e n t  t o  s t a r t i n g  c u r r e n t ) ;  b, Depend- 
ence o f  r e l a t i v e  range o f  adjustment 
o f  f requency on 1 / 1  * c ,  R e l a t i v e  

v a l u e  of  midd le  f requency o f  range. 
s t '  

equal  t o :  1 ,  0 . 3 3 0 1 0 ~ ;  2, 0.4*106; 
3, 0.51*106 
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